Abstract The development of refractive error is mediated by both environmental and genetic factors. We performed regression-based quantitative trait locus (QTL) linkage analysis on Ashkenazi Jewish families to identify regions in the genome responsible for ocular refraction. We measured refractive error on individuals in 49 multi-generational American families of Ashkenazi Jewish descent. The average family size was 11.1 individuals and was composed of 2.7 generations. Recruitment criteria specified that each family contain at least two myopic members. The mean spherical equivalent refractive error in the sample was À3.46D (SD=3.29) and 87% of individuals were myopic. Microsatellite genotyping with 387 markers was performed on 411 individuals. We performed multipoint regression-based linkage analysis for ocular refraction and a log transformation of the trait using the statistical package Merlin-Regress. Empirical genomewide significance levels were estimated through gene-dropping simulations by generating random genotypes at each of the 387 markers in 200 replicates of our pedigrees. Maximum LOD scores of 9.5 for ocular refraction and 8.7 for log-transformed refraction (LTR) were observed at 49.1 cM on chromosome 1p36 between markers D1S552 and D1S1622. The empirical genomewide significance levels were P=0.065 for ocular refraction and P<0.005 for LTR, providing strong evidence for linkage of refraction to this locus. The inter-marker region containing the peak spans 11 Mb and contains approximately 189 genes. Conclusion: We found genomewide significant evidence for linkage of refractive error to a novel QTL on chromosome 1p36 in an Ashkenazi Jewish population.
Introduction
Refractive errors are a set of optical abnormalities in which the focal point of the eye does not coincide with the sensory retina, causing optical defocus and resulting in reduced vision. Myopia, or nearsightedness, results when the image of distant objects is focused in front of the retinal plane, causing blurred distance vision. Myopia of -1 diopter (D) or worse affects over 30 million (25.4%) Americans and 49.6 million (26.6%) Europeans aged 40 and above. The highest rates of myopia have been observed in East Asian populations. In Singapore, Japan and Taiwan, the prevalence of myopia among teenagers and young adults exceeds 50% (Au Eong et al. 1993; Lin et al. 1999; Matsumura and Hirai 1999; Saw 2003; He et al. 2004; Fan et al. 2004) .
Although proper optical correction can usually improve vision, uncorrected and inadequately corrected refractive error are major causes of visual impairment worldwide (Tielsch et al. 1990; Attebo et al. 1999; Munoz et al. 2000; VanNewkirk et al. 2001) . Myopia has also been implicated in a number of potentially blinding eye conditions including: peripheral retinal abnormalities (Pierro et al. 1992) , age related cataracts (Lim et al. 1999; Leske et al. 2002) , glaucoma , myopic retinal degeneration (Vongphanit et al. 2002) , and choroidal neovascularization (Cohen et al. 1996) . Furthermore, common modes of refractive correction such as contact lenses or refractive surgery can lead to adverse effects (Schein and Poggio 1990; Stulting et al. 1999) .
There is convincing evidence that the development of refractive error is mediated by both environmental and genetic influences. An increase in the prevalence of myopia, as seen in Asia over the last few decades (Matsumura and Hirai 1999) , strongly suggests that secular changes in environmental exposures and/or behavioral factors influence the population distribution of ocular refraction. Additionally, significant geographical differences in the prevalence of refractive errors have been noted within ethnic groups, pointing to environmental mediation of refractive development (Au Eong et al. 1993; Saw et al. 2001) . The intensity of upclose visual activities during childhood and adolescence appears to play an important role in myopisation (Zylbermann et al. 1993; Ben Simon et al. 2004) . Although the prevalence of myopia amongst young Israeli adults appears to be similar to that of Western populations (Rosner and Belkin 1991) , Zylbermann et al. (1993) found that Israeli Jewish boys who attended Orthodox school were, on average, more myopic than similarly aged boys who were educated in secular schools. The authors postulated that the intensive visual demand associated with a religious education is likely responsible for high rates of myopia in the Jewish Orthodox community.
Although individual behavior and environmental influences can affect refractive development, the contribution of genetics is also thought to be important. Epidemiological studies in various populations have consistently shown strong familial patterns for ocular refraction (Alsbirk 1979; Bear et al. 1981; Hammond et al. 2001; Lee et al. 2001; Lyhne et al. 2001; Wojciechowski et al. 2005) . Twin studies by Hammond et al. (2001) and Lynhe et al. (2001) both estimated the heritability (h 2 ) of ocular refraction to be 0.85 or above. High heritability estimates have also been reported for the well-characterized Beaver Dam, Wisconsin (Lee et al. 2001 (Young et al. 1998a; Naiglin et al. 1999; Paluru et al. 2003; Young et al. 2004) . Young et al. (1998b) first found evidence for linkage to high, or so-called ''pathological'' myopia on chromosome 18p11. Subsequent studies have identified areas of linkage to high myopia on chromosomal regions 12q22-23 (Young et al. 1998a ), 7q36 (Naiglin et al. 1999 ) and 17q21-22 (Paluru et al. 2003) . In a study of Ashkenazi Jewish and Amish families reported by Ibay et al. (2004) , these loci were not found to play a major role in susceptibility to common myopia. In a study of 51 families in the United Kingdom, Farbrother et al. (2004) confirmed linkage of the MYP3 locus on chromosome 12q to high myopia. The authors also found weak evidence for linkage to the 17q locus. Among the same Ashkenazi Jewish population as in the present study, Stambolian et al. (2004) reported significant evidence for linkage of more moderate degrees of myopia to chromosome 22q12 (HLOD=3.54).
While ocular refraction is an inherently quantitative measure, these linkage studies characterized myopia as a dichotomous trait. To our knowledge, only one study has reported results from a genomewide linkage scan of ocular refraction characterized as a quantitative trait (Hammond et al. 2004) . By taking into account the entire distribution of the continuous outcome, quantitative trait locus (QTL) linkage analyses may be more suitable to isolate the genomic loci that contribute to the whole range of ocular refraction than penetrance-based, or parametric, linkage methods. In a genomewide scan of 221 dizygotic twin pairs, Hammond et al. (2004) reported significant linkage (LOD>3.2) to refractive error at four loci, with a maximum LOD score of 6.1 at 40 cM on chromosome 11p13. They found additional linkage peaks at chromosomes 3q26 (LOD 3.7), 8p23 (LOD 4.1), and 4q12 (LOD 3.3) . A recent parametric analysis in the Old Order Amish independently confirmed linkage of myopia to a locus on chromosome 8p23 (Stambolian et al. 2005 ). In the current study, we report results of QTL linkage analyses to refractive error in multigenerational American Ashkenazi Jewish families. Our results are the first report of significant linkage of myopia to a novel QTL on chromosome 1.
Materials and methods

Family recruitment and evaluation
The study protocol adhered to the tenet of the Declaration of Helsinki and was approved by the University of Pennsylvania and the National Human Genome Research Institute, National Institutes of Health institutional review boards. The family ascertainment procedure and examination protocol has been described in detail elsewhere . Briefly, participants were invited to take part in the study through a mass mailing of 3,900 letters that included questionnaires requesting contact information that were sent to all known Orthodox Jewish families residing in Lakewood, NJ. Second and third mailings were sent to individuals who did not respond to the previous mailings. A total of 1,310 questionnaires were returned. These individuals were called and family histories of spectacle wear and ocular refraction status were obtained by telephone. All participants included in the study were of Ashkenazi Jewish heritage. In order to be eligible to participate in the study, families had to satisfy the following criteria: (1) the proband must be myopic and have either an affected parent or child; (2) only one parent of the proband should be myopic; and (3) the family must be willing to participate. These recruitment conditions were established to preferentially select families that are consistent with a dominant mode of inheritance of a susceptibility allele to myopia (Durner et al. 1992) . Medical records were obtained for each member of selected families. Data were gathered for all eligible parents, cousins, grandparents, siblings, children, aunts and uncles of each proband.
The final sample consisted of 542 individuals in 49 pedigrees with an average of 11.1 members per family. Families were, on average, composed of 2.7 generations. Blood was drawn and genotyping was carried out on 411 (75.7%) individuals. Four hundred-and-seventy-one (86.9%) participants were myopic with a mean spherical equivalent refractive error of À1.0 or less. Population characteristics are presented in Table 1 .
DNA extraction and genotyping
High-molecular-weight DNA was isolated from buffy coats with a kit (Puregene; Gentra Systems, Inc.; Minneapolis, MN, USA). Samples were stored in a DNA repository under a unique code. A genomewide scan was performed at the Center for Inherited Disease Research (CIDR) by use of automated fluorescent microsatellite analysis. PCR products were sized on an ABI 3700 sequencer. The marker set used was a modification of the Cooperative Human Linkage Center marker set, version 9 (387 markers; average spacing 9 cM; average heterozygosity 0.76). The error rate, which was based on paired genotypes from blind duplicate samples, was 0.06%. The overall missing-data rate was 3.6%. All genotyping was performed blind to clinical status.
Phenotypic evaluation
Eligibility requirements for entry of a family into the study required an index case that met the following criteria: (1) cycloplegic refraction of À1.00 spherical equivalent (as long as there was À1.00 D or higher in each meridian if astigmatism was present) or worse in those under age 50, (2) manifest refraction of À1 spherical equivalent (as long as there was À1 D or higher in each meridian if astigmatism was present) or worse in those over age 50, and (3) no history of systemic or ocular disease which might predispose to myopia including premature birth. This same classification scheme was used to determine affection status for all individuals in the pedigrees, and subjects who did not meet this standard for affection were considered unaffected. If a subject was reported to have been myopic, but this diagnosis could not be confirmed with either medical records, measurement of the prescription of an old pair of eyeglasses, or current physical examination, this person was treated as being of unknown phenotype.
Our ascertainment strategy for the multiply affected pedigrees was to obtain eye records of all affected individuals, the parents of those individuals, and any other family members connecting affected pairs. We also sought unaffected siblings as well as affected cousins, grandparents, uncles and aunts. Eye records of subjects were reviewed to determine if cycloplegia was properly utilized for those under age 50. Subjects with eye records older than 2 years and subjects with improper exams were re-examined by their local eye doctor or one of the authors (D.S.). While most exams occurred on the side of the family with the history of myopia, family history of myopia was collected for the parents and siblings of both parents of the proband (i.e., all grandparents and aunts/uncles of the proband). Sometimes, members of the family of the unaffected parent of the proband were examined so that we could be certain of their clinical status.
We defined the quantitative trait ocular refraction (REF) as the spherical equivalent refractive error, averaged between the eyes; where the spherical equivalent is the spherical spectacle correction plus one-half the cylindrical correction.
Statistical methods
Error and relationship testing
Mendelian inconsistencies and potential relationship errors were assessed and corrected prior to data analysis by use of SIBPAIR (Duffy 1997) , GAS (Young 1995) and RELCHECK (Boehnke and Cox 1997; Broman and Weber 1998) software.
Quantitative trait locus (QTL) linkage analysis
QTL linkage analyses were performed using the software package MERLIN, version 0.10.2 . The statistical package implements an extended Haseman-Elston regression-based linkage method through its MERLIN-REGRESS subroutine (Sham et al. 2002) . The method is applicable to extended pedigrees and to pedigrees selected based on trait values, provided that correct values for population parameters of the trait distribution are specified (Sham et al. 2002) . The estimates of the regression coefficients are unbiased by sample selection because pairwise identity-by-descent (IBD) sharing proportions are regressed on functions of trait values. However, for the method to be applicable to selected samples, both independent and dependent variables are centered on their population means (Sham et al. 2002) . Consequently, this regression approach requires the specification of the population mean, variance and heritability of the trait. While the underlying distribution of ocular refraction is unknown in this population, epidemiological data are available from a number of other source populations. The mean spherical equivalent ocular refraction in our sample was À3.46 D (SD=3.29 D). Since our ascertainment scheme selected for multiplex myopic families, and our sample mean is likely to be biased towards myopic values relative to the population mean, we specified a mean refractive error of À2.50 D for the source population while the trait variance was set to 10. These parameter values are consistent with those reported for an Israeli Orthodox Jewish population by Zylbermann et al. (1993) . Numerous studies have reported heritability estimates for refractive error ranging from 0.5 to 0.9 (Alsbirk 1979; Bear et al. 1981; Teikari et al. 1991 Teikari et al. , 1992 Hammond et al. 2001; Lee et al. 2001; Lyhne et al. 2001; Wojciechowski et al. 2005) . Hence, the trait heritability was set to a conservative value of 0.6 in our statistical model.
The distribution of ocular refraction was slightly left skewed (skewness=À0.48) and slightly leptokurtotic (kurtosis=3.47) in our sample. Some pedigrees contained highly myopic individuals causing extreme intra-family deviations from normality and highly discordant relative pairs. We therefore applied a logarithmic transformation (transformed refraction = ln[20.23 -spherical equivalent refraction]) to the data in order to minimize the effect of departures from normal distribution assumptions as well as extreme phenotypic discordance on our linkage statistics and their associated significance levels. The skewness and kurtosis of our sample's log-transformed trait distribution were 0 and 3.37, respectively. Linkage analyses were subsequently carried out on both the untransformed ocular refraction (REF) and the logtransformed refraction (LTR).
Since the distribution of ocular refraction is unknown in our source population, we specified the underlying population mean of the LTR as the direct transformation of the population's putative mean ocular refraction of À2.50 D and used the sample variance of the transformed distribution as the population variance parameter in our statistical model. Hence, the population mean and variance of LTR were correspondingly set to 3.12 and 0.02.
We performed genomewide multipoint linkage analyses at 371 autosomal microsatellite markers using MERLIN-REGRESS. The average marker heterozygosity was 0.77 and the sex-averaged mean intermarker spacing was 9.3 cM. In addition, we carried out interval mapping analyses at two evenly spaced locations between consecutive markers. MERLIN uses the LanderGreen algorithm (Lander and Green 1987) to estimate inter-marker allele sharing between family members.
We explored the sensitivity of the linkage statistic to differing parameter specifications by varying the population parameters in the statistical models for LTR, and repeating linkage analyses. The model parameters were individually varied from the initial model as follows: mean=3. 01, 3.06, 3.19 and 3.29; variance=0.0067, 0.01, 0.04 and 0.06; and heritability=0.1, 0.3, 0.45, 0.75, 0.9 and 1. Furthermore, we compared linkage statistics of the regression-based procedure to the variance components method, which is also implemented in MERLIN.
Simulations and genomewide significance levels
The MERLIN-REGRESS procedure provides pointwise, nominal, LOD scores and significance levels based on the v 2 distribution and asymptotic theory (Sham et al. 2002) . Genomewide significance levels can be assessed through a gene-dropping simulation procedure implemented in the software package. Briefly, MERLIN generates random datasets of markers (unlinked to the trait) within pedigrees while preserving family structure, population marker allele frequencies, marker spacing and individual phenotypic information. These simulations can provide empirical type-1 error rates given sample-specific pedigree structures, phenotypic distribution and marker information.
We estimated genomewide significance levels by generating 200 whole-genome replicates of unlinked markers in our families and assessing the distribution of maximum LOD scores obtained from each simulation. Since there were 371 markers in each scan, a total of 74,200 markers that were unlinked to the trait (but not all independent of each other) were simulated. Individual gene-dropping simulations required, on average, 15 h of computing time for one wholegenome scan replicate and the number of replicates performed were thus limited by the availability of computational resources. Nevertheless, 200 whole-genome replicates are sufficient to establish genomewide significance levels with a high degree of confidence. Simulations under different model specifications were accomplished in the same manner using 100 wholegenome replicates (i.e., 37,100 markers unlinked to the trait were simulated). The empiric genomewide significance level of our observed maximum LOD score was estimated as the proportion of simulated replicates in which the maximum LOD score exceeded the value of our observed maximum LOD score. Genomewide P values of secondary peaks were calculated as the proportion of replicates that contained one or more LOD scores greater than the LOD score at that position. In addition, we defined the empirical locusspecific p-value as the proportion of simulations in which the LOD score at a given locus exceeded the observed test LOD score at the same locus.
Results
The maximum at-marker multipoint LOD score for LTR was 5. Table 2 . Interval mapping yielded multipoint LOD score peaks of 8.74 and 9.54 at 49.1 cM on chromosome 1 for LTR and REF respectively (Table 2 ). Interval mapping also yielded local LOD score peaks above two on chromosomes 2, 4 and 9 for the REF. For LTR, only the peak on chromosome 1 had a LOD score above two (Table 2) .
Empirical genomewide significance levels were obtained separately for the maximum LOD scores of LTR and REF at 49.1 cM on chromosome 1. The heritability, population mean and variance parameters in our simulations were identical to those specified in the QTL linkage analysis. None of the LTR replicates had maximum LOD scores greater than 8.7 and 13 REF replicates had maximum LOD scores above 9.5, representing genomewide significance levels of P<0.005 and P=0.065 for LTR and REF, respectively. Genomewide P values for LTR at markers D1S552 (LOD=5.09) and D1S1622 (LOD=3.44) were 0.03 and 0.10, respectively.
We assessed the sensitivity of the LOD score profiles on chromosome 1 to misspecification of the trait heritability, trait mean and variance parameters. Individually varying the heritability, the mean or the variance from the assumed population values of 0.6, 3.12 and 0.02, respectively, had negligible effects on the maximum LOD score within a wide range of parameter specifications (Table 3 ). The LOD score at 49.1 cM on chromosome 1 remained above 7 for heritabilities between 0.3 and 0.75, variances ranging from 0.0067 to 0.06 and population means between 3.01 and 3.29. These mean Nominal, pointwise, P values were output by MERLIN-REGRESS and are based on the v 2 distribution and asymptotic theory. Empirical P values were estimated via whole-genome gene-dropping simulations of unlinked markers using the simulate procedure in MERLIN-REGRESS. Genomewide significance for the maximum LOD score at 49.1 cM on chromosome 1 represents the proportion of replicates in which the maximum LOD score exceeded the threshold at that marker. Genomewide significance levels of secondary peaks were calculated as the proportion of replicates that contained one or more LOD scores greater than the position-specific LOD score a. Refraction: heritability=0.6 population mean=-2.5D variance=10 
Log-transformed refraction (LTR)
Discussion
We have found evidence for a novel QTL locus for ocular refraction on chromosome 1p36 in an Ashkenazi Jewish population. The linkage peak on chromosome 1 has not previously been reported for either qualitative (i.e., myopia) or quantitative ocular refraction phenotypes. The statistical procedure implemented in MERLIN-REGRESS estimates the test statistic of individual linkage signals based on asymptotic properties and large-sample central limit theorem. Sham et al. found their test statistic to be unbiased and that it provided correct type I error rates for simulated sibships ranging in size from 2 to 6 (Sham et al. 2002) . The authors maintain that the method is applicable to general pedigrees of all types although they limited their simulation studies of non-nuclear families to cousin pedigrees only. Our gene-dropping simulations suggest that the magnitude of the linkage statistics were elevated in our study, yielding inflated type-1 error rates if P values had not been determined empirically. This may have been the result of extreme between-relative discordance in refraction having a large influence on the regression slope. In addition, this upward bias in LOD scores under the null hypothesis of no linkage was greater for REF than for LTR even though the sample's marginal trait distributions were similar for the untransformed (skewness=-0.48, kurtosis=3.47) and transformed (skewness=0, kurtosis=3.37) data, with the transformed trait being slightly closer to normality. Sham et al. (2002) suggest that liberal results can occur when a small number of families contribute inordinately to the linkage statistic. MERLIN-REGRESS provides a measure of family informativeness, conditional on the trait values of the family members, to assess each family's expected contribution to the test statistic. For the untransformed trait, a single family accounted for 19.3% of the total informativeness and the five most informative families contributed 45.4% to the informativeness index. After transformation, the distribution of family informativeness was much less skewed. For LTR, the most informative and five most informative families accounted for 7.5% and 30.8% of the total informativeness, respectively. This demonstrates the importance of appropriate data transformation and of calculation of empirical significance levels for this statistic. The empirical genomewide P value (a family-wise error rate or FWER) associated with our maximum LOD score of 9.5 for REF was 0.065 whereas our maximum LOD of 8.7 for LTR yielded a genomewide significance smaller than 0.005. Lander and Kruglyak (1995) suggested that allelesharing LOD scores between 3.3 and 3.8 were needed to establish genomewide significance for non-parametric linkage scans at a genomewide P value (FWER) of 0.05. However, these guidelines were established for allele sharing methods and relative pair designs and are unlikely to be applicable in general pedigree situations. In our sample of extended pedigrees, the simulations of LTR indicate that a MERLIN-REGRESS LOD score of 4.69 or larger is required to exhibit a genomewide significant p-value of 0.05 or less.
The discrepancy between empirical LOD scores obtained through simulation of unlinked markers and theoretical expectations emphasizes the importance of performing computer simulation studies to determine Marker locations are also shown as ticks on the horizontal axis. The peak multipoint inter-marker LOD score was 8.7 at 49.1 cM study significance, especially when the applicability of asymptotic theory is in question, such as with small sample sizes and extended, and unbalanced, pedigree structures. In addition, careful consideration must be given to choosing an appropriate transformation of the data since departures from distributional assumptions can have a significant effect on study error rates, as illustrated by the differences in empirical type-1 error rates between REF and LTR. We compared the results from the regression-based approach to standard variance components linkage analysis, which yielded LOD scores of 1.8 (P=0.002) for refraction and 2.23 (P=0.0007) for LTR at D1S552. These results support the evidence for linkage to this locus and suggest that the regression-based approach may be more powerful than the variance components method in highly ascertained samples.
We carried out linkage analyses while varying the statistical model parameters in order to determine the sensitivity of the MERLIN-REGRESS linkage statistic to possible parameter misspecifications. Our sensitivity results indicate that alternate specifications of the statistical model parameters within a plausible range have little effect on the magnitude of the maximum linkage signal in our data (Table 3 ). Specifically, the linkage peak on chromosome 1 decreased substantially only for extreme population mean and heritability specifications. Empirical P values associated with the maximum linkage peak on chromosome 1 were below a genomewide significance level of 0.05 for all models except those that specified either very low variances or high heritabilities (Table 3) . Even using our sample mean (which was most likely skewed towards myopia due to our ascertainment scheme) as the underlying population mean would have yielded a LOD score profile similar to that of our putative model. Therefore, assuming that our linkage signal is true, it appears that the regression method implemented in MERLIN-REGRESS is robust to misspecifications of the statistical model parameters.
Using the same population, we have previously reported linkage of myopia, characterized as a binary trait, to a locus on chromosome 22 .
The current QTL analysis shows only suggestive evidence for linkage of ocular refraction to this region (peak LOD score on chromosome 22=0.93 at 9.1 cM for LTR, empiric locus-specific P=0.03). In addition, the prior parametric analysis did not reveal linkage of the dichotomous trait, myopia, to chromosome 1. While these results may appear incongruous, several differences may account for this discrepancy. First, QTL linkage analyses take account of the entire sample distribution of the trait. In particular, the QTL regression method implemented in MERLIN-REGRESS capitalizes on between-relative trait differences and sums to infer statistical linkage. Hence, individuals who are highly discordant for a quantitative trait (for example, a À1 D myope and a À15 D myope) may be in the same outcome group in binary trait analyses. In our sample, ocular refractions ranged from À15.875 to +6.75 D and 87% of individuals had myopia of 1 D or more. Therefore, quantitative analyses provided additional resolution of the phenotype within broad categorical classes. Second, ocular refraction is determined by various anatomical components that modulate the eye's refractive power as well as its size. Myopia results primarily from a relative axial elongation of the posterior chamber, a component of the axial length, which has been shown to be a highly heritable trait in a variety of human populations (Alsbirk 1979; Hammond et al. 2001; Lyhne et al. 2001; Biino et al. 2005) . A ''myopia'' gene may affect the sign of optical defocus whereas QTLs affecting ocular component growth may be responsible for regulating differences in the degree of refractive error. Hence, binary trait analyses may allow for the detection of ''myopia'' genes but be unable to discriminate between varying degrees of myopia whereas QTL methods would be more useful in identifying genes that regulate refraction across the entire phenotypic spectrum.
Using variance components linkage analyses, Biino et al. (2005) recently reported suggestive linkage (LOD>2) of ocular axial length to a locus at 2p24 (marker D2S1360 at 38.3 cM) in Sardinian families. They also reported suggestive evidence for linkage of Previous studies have mapped high (or ''pathological'') myopia susceptibility loci to chromosomal regions 7q (Naiglin et al. 2002) , 12q (Young et al. 1998a ), 17q (Paluru et al. 2003 ) and 18p (Young et al. 1998b ). We found no evidence for linkage of refractive error to loci on chromosomes 12 or 18. However, we found a small linkage peak (LOD=1.13 for LTR, empiric locusspecific P=0.01) at 10.7 cM on chromosome 17. Paluru and collaborators (2003) have previously mapped a locus for autosomal dominant high myopia to a region flanked by markers D17S5787 and D17S1811 located at 75.0 and 82.6 cM on chromosome 17. Given the distance of more than 60 cM between our weak linkage signal on chromosome 17 from this previously reported linkage peak, it is unlikely that the two studies are giving indication of linkage to the same locus.
Using a parametric statistical approach, Naiglin et al. (2002) reported suggestive evidence for linkage of familial high myopia (multipoint LOD score of 2.81) to a locus at 7q36 flanked by markers D7S798 (169.0 cM) and D7S2546 (173.0 cM). We found mild evidence for linkage of refraction to marker D7S3058 at 173.7 cM on chromosome 7 (LOD=1.33 for LTR, empiric locusspecific P value=0.02). Although our peak was comparatively shallow, the signal is intriguing in view of its close proximity to Naiglin et al.'s locus and represents support for a myopia susceptibility locus on chromosome 7.
One previous genomewide QTL analysis has been carried out for ocular refraction. In a study of 221 dizygotic British twin pairs, Hammond et al. (2004) reported significant (i.e., LOD>3.2) linkage peaks at 40 cM (LOD=6.1) on chromosome 11p13 as well as to loci at 3q26 (LOD=3.7), 8p23 (LOD=4.1), and 4q12 (LOD=3.3). Interestingly, the linkage region on chromosome 11 contains the PAX6 gene at 39-42 cM, which is fundamentally related to eye development in a number of species (Wawersik and Maas 2000; Dominguez et al. 2004 ) and in which mutations are known to cause a variety of ocular abnormalities in humans (Hanson et al. 1999) . Our analyses revealed a peak LOD score of 1.02 (empiric locus-specific P value=0.03) at 90.6 cM on chromosome 11 for LTR. Since our peak is about 50 cM away from the previously mapped locus, our results should not be viewed as confirmatory of an ocular refraction QTL on chromosome 11. However, they are interesting in light of Hammond et al's linkage results and should be followed-up with a denser marker map and/or the typing of additional families.
The area of most significant linkage, with a maximum LOD of 8.7 (empirical genome-wide P<0.005) observed between markers D1S552 (LOD=5.09) and D1S1622 (LOD=3.44), maps roughly to a region between 19 Mb and 30 Mb on chromosome 1. In our simulations for LTR, a genomewide significance of P<0.05 corresponded to a LOD score of 4.69, marking this as the most likely region to contain a QTL for ocular refraction. This region is predicted to contain approximately 189 genes. However, the linkage region on chromosome 1 that contains LOD scores of two or greater is considerably wider and spans a genetic distance of approximately 35 cM (or more than 20 Mb) from D1S552 to D1S3721. This large region includes several genes that are expressed in human eye tissue (Table 4) . While none of these genes are obvious candidates for refractive regulation, they will be carefully examined in our follow-up studies of this region. Our future investigations will involve replicating this linkage signal with an independent sample of Ashkenazi Jewish families. Furthermore, we will attempt to refine the area of linkage by using a dense SNP map in the region, which will also permit us to perform family-based association studies.
Since the eye can be decomposed into individual components that contribute to refraction, additional linkage studies should begin to focus on these constituents. Given the multiplicity of loci identified to date for high myopia in various populations, it is possible that considerable locus heterogeneity also exists for ocular refraction. Our use of a relatively isolated population may have led to the identification of a populationspecific locus for refraction. Nevertheless, considering the ubiquity of less severe forms of myopia worldwide it is likely that a common underlying genetic mechanism(s) is responsible for refractive development among humans.
